Thin-walled carbon nanotubes ͑CNTs͒ filled with different ferromagnetic alloy ͑FeCo, FeNi, and FeCoNi͒ nanowires were prepared by using trichlorobenzene as carbon precursor. They were dispersed into epoxy resin and then coated onto 180ϫ 180 mm 2 aluminum substrates to form microwave-absorption coatings with 2.0 mm thickness. Reflection loss exceeding −5 dB was obtained between 5 and 18 GHz for coating containing 1.3 wt % FeCo-filled CNTs. A minimum reflection loss value of −28.2 dB was achieved at 15.2 GHz in FeCoNi-filled CNTs/epoxy coating. The areal densities of coatings are only 2.35 kg/ m 2 , which is favorable for the applications requiring low density.
Currently, serious electromagnetic interference ͑EMI͒ pollution has been arising with the widespread use of many electronic devices, such as mobile phones, microwave ovens, computers, etc. To solve the EMI problem, much attention has been attracted to explore efficient microwave absorbers with strong absorption in a wide frequency band. Ferrites ͑M-type, 1 W-type, 2 Y-type, 3 Z-type 4 Ba ferrites͒ and ZnO nanocomposites [5] [6] [7] have been widely studied as additives in microwave-absorption coatings due to their strong EMI attenuation by magnetic loss and dielectric loss, respectively. However, the coating densities are usually quite high ͑areal density Ͼ5.0 kg/ m 2 at 2.0 mm thickness͒, 8 which will restrict their applications in low-density field ͑e.g., aircrafts͒. In addition, the absorptions in S-band ͑2-4 GHz͒ and C-band ͑4-8 GHz͒ are usually very weak ͑reflection lossϾ −5 dB when the coating thickness is 2.0 mm 9,10 ͒, which is not suitable for the wide-band microwave absorption. Moreover, most reflection loss data 1-6,9-11 were obtained by theoretical calculation, and only few reports 7, 12 were based on experimental measurements. Therefore, it is essential to develop lightweight and wide-band microwave absorbers to meet the demand in low-density field and evaluate their practical reflection loss through experimental measurements.
Carbon nanotubes ͑CNTs͒ filled with ferromagnetic nanowires ͑e.g., Fe nanowires͒ 12 are excellent candidates for lightweight and high-efficiency microwave absorbers. However, the complex fabrication process by template-assisted chemical vapor deposition ͑CVD͒ method 12 limits their practical applications. In the present work, we developed an in situ CVD method, without using any additional templates, to prepare CNTs filled with long and continuous ferromagnetic nanowires. Microwave absorption measurements showed that they are promising to be used as lightweight and wideband microwave absorbers.
FeCo-filled CNTs ͑FeCo-CNTs͒ were synthesized by using trichlorobenzene ͑TCB͒ ͑C 6 H 3 Cl 3 ͒ as the carbon precursor in a CVD system. A typical run was described as follows. First, ferrocene and cobaltocene powders were dissolved in TCB to form a dark brown solution. Then the temperature of CVD furnace was raised to 860°C and kept constant. Next, the solution was fed into the CVD system by a syringe pump. At the same time, a mixture of Ar and H 2 was flowing through the system at 2000 and 300 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒, respectively. After the CNTs growing for a certain time ͑30 min͒, the solution supply was terminated and the CVD system was cooled to room temperature naturally. FeNi-filled CNTs ͑FeNi-CNTs͒ and FeCoNi-filled CNTs ͑FeCoNi-CNTs͒ were synthesized in the same way by using TCB precursor and combination of multiple metallocenes ͑i.e., ferrocene, cobaltocene, and nickelocene͒.
Figures 1͑a͒ and 1͑b͒ are the transmission electron microscope ͑TEM͒ and high-resolution TEM ͑HRTEM͒ images of the as-prepared FeCo-CNTs, respectively. It can be seen in Figs. 1͑a͒ and 1͑b͒ that the inner cores of most CNTs are filled with long and continuous single-crystalline FeCo nanowires. It should be noted that the sidewalls of CNTs are ϳ3 nm, which is much thinner than previous report ͑ϳ15 nm͒. 12 The formation of thin-walled CNTs might be attributed to the destructive effects of Cl radicals formed by a͒ Author to whom correspondence should be addressed. the pyrolysis of TCB. 11 The inner small-radius graphite layers in nanotubes might have lower stability because of curvature-induced bond strain. Therefore, they are easily etched by the Cl radicals to form thin-walled nanotubes. 11 Meanwhile, Cl radicals can slow down the growth rate of CNTs by decreasing carbon supply in virtue of forming chlorinated carbon clusters, 13 which is favorable for the in situ filling of ferromagnetic catalyst particles to form long and continuous FeCo nanowires.
To investigate the static magnetic property of asprepared samples, hysteresis loops were measured by a vibrating sample magnetometer ͑LakeShore VSM-7307͒ at room temperature, as shown in Fig. 2͑a͒ In order to enhance the microwave absorption in lowfrequency band, the initial permeability ͑ i ͒ of absorber should be as high as possible. The i of ferromagnetic materials can be expressed as follows:
Here a and b are two constants determined by the material composition, is the magnetostriction constant, is an elastic strain parameter of crystal, and k is a proportion coefficient. It can be seen from Eq. ͑1͒ that both higher M s and lower H c are favorable to the improvement of i value, which will enhance the microwave absorption in turn. In order to evaluate the microwave absorption performances of as-prepared samples, 1.0 g M-CNTs ͑M = FeCo, FeNi, and FeCoNi͒ were homogeneously dispersed into epoxy resin ͑50 g͒ and solidified agent ͑polyamide, 25 g͒ and then coated onto a 180ϫ 180 mm 2 aluminum substrate with a thickness of 2.0 mm. The mass percentage of M-CNTs and areal density of coatings are 1.3 wt % and 2.35 kg/ m 2 , respectively. Reflection loss was measured using a HP 8757E scalar network analyzer working at 2-18 GHz.
The relationships between microwave frequency and reflection loss of different coatings were measured at 2-18 GHz range and shown in Fig. 3 , which demonstrates that the microwave reflection losses are remarkably enhanced after only 1.3 wt % M-CNTs ͑M = FeCo, FeNi, and FeCoNi͒ were added into the epoxy matrix. It should be noted that the reflection losses in S-band ͑2-4 GHz͒ and C-band ͑4-8
GHz͒ are enhanced in the order of FeCoNi-CNTs Ͻ FeNi-CNTsϽ FeCo-CNTs, which is in accordance with our above discussions about magnetic property.
The electromagnetic wave absorption characteristics of these coatings are summarized in Table I . It can be seen that the reflection loss below −5 dB was obtained between 5 and 18 GHz for coating containing 1.3 wt % FeCo-filled CNTs. A minimum reflection loss of −28.2 dB was obtained at 15.2 GHz in FeCoNi-filled CNTs/epoxy coating. An important feature of the present work is that the mass percentages of M-CNTs are only 1.3 wt %, which is much less than ferrite absorbers ͓e.g., 25 wt % ͑Ref. 1͔͒. In other words, the areal density of coatings is mainly dominated by the matrix materials not by the absorbers. Thus, as-prepared M-CNTs are promising to be used as lightweight and wide-band microwave absorbers.
In conclusion, thin-walled CNTs filled with different ferromagnetic alloy ͑FeCo, FeNi, and FeCoNi͒ nanowires were prepared by an in situ CVD method. The key feature of this method is the introduction of Cl-contained benzene ͑e.g., 
